Thermal protection layer has been commonly used to protect the reentry vehicles from the harsh conditions encountered at hypersonic velocities. Numerical simulations and experiments are used to predict the amount of this protective layer needed so that vehicles safely traverse the harsh zone. Prediction of ablation requires modeling of hypersonic flows coupled with reacting gas chemistry and the response of the solid protection layer to the extreme conditions. Current computational codes modeling chemistry with hypersonic flow are coupled with codes predicting the response of the protection layer. In addition there has been limited study on effects of chemical Nonequilibrium in flow the field and surface ablation on laminar-turbulent flow transition of hypersonic boundary layers. Such an integrated tool would facilitate the study of transition in chemically reacting ablative flow fields. Therefore it is our aim to develop an integrated high order code which solves the material response along with the flow with thermal and chemical non equilibrium with species ionization. In this paper we present results of shock capturing nonequilibrium solver with surface reactions for modeling ablation. The code has 11 species reaction model to account for carbon species.
A. Scope of Current Study
It is our aim to study transition on ablating surfaces with chemical and thermodynamic nonequilibrium. Given the complexity of the problem, such a code would push to the limits of the computational algorithms and computer capabilities. However due to the advancement in recent years of CFD algorithms and computational power, we believe it is time to go beyond the current approach of loosely linking of two separate codes for aeroheating predictions. To develop a high order simulation tool it is important to adopt shock-fitting techniques which allow the use of high order difference method as opposed to shock capturing methodology which reduces to first order near the shock. For the present paper we aim to develop a high order computational tool that includes nonequilibrium chemistry, two temperature vibrational relaxation and surface chemistry. The results qualitatively agree to simulations by Keenan [18] . The results have also been compared with experimental results by Hornung [16] , and simulation of Gnoffo [13] . We plan to develop a thermal response code and model surface recession of the body surface. The tool thus developed can used to simulate reentry flow with intrinsically coupled solvers for the flow and the thermal response of the heat shield to provide more accurate predictions. The tool would be very use full in study of transition in a hypersonic flow field with surface ablation. This tool could be a starting point for developing specialized codes for study of stability in reentry flows with blowing/suction, ablation, turbulence along with radiation. The code would be used to study surface roughness and mass injection induced transition in the ablative flow field. These are very complex phenomena and developing an intrinsically coupled solver involving the above mentioned processes is indeed a challenging task. Such a computational tool could provide benchmark solutions for developing more specialized code, or could be developed into a specialized code to study various complex physical phenomena during a hypersonic reentry.
B. The Physical Process
Numerical prediction of ablation is challenging due to the complex multi-disciplinary physical and chemical processes that occur. In general, when subject to a large heat flux or elevated temperatures, thermal protection materials are affected by a combination of the following processes: pyrolysis, ablation, mechanical failure. Pyrolysis or thermal decomposition is the chemical decomposition in the interior of a material that releases gaseous by-products without consuming atmospheric species. Ablation is a combination of vaporization, sublimation, and reaction (such as oxidation and nitridation) which convert liquid or solid surface species into gaseous species. The liquid species would be a result of the material melting. Mechanical failure is the loss of surface material which does not produce gaseous species such as melt flow of a surface oxide, spallation of a solid and erosion caused by shear forces of impact of particles of droplets. For the current study we assume that 'ablation' only comprises of gaseous mass ejected from the surface without any surface recession (if possible surface recession would also be considered). Such a case would be valid for TPS materials like carbon phenolic and Kevlar epoxy composites which release pyrolysis gases and form carbonaceous char layer.
These processes are a result of the hypersonic flow field which surrounds the vehicle. At such speeds the air is heated to temperatures high enough that real gas effects such as chemical decomposition and possibly ionization of the air becomes a factor in the analysis. So in the boundary layer adjacent to the surface of the vehicle (not including ablation at this time) the non-equilibrium chemical reactions between constituent elements of the air mixture need to be modeled. This requires that when numerically modeling the non-equilibrium chemically reacting boundary layer flow problem, multi-species kinetics and transfer properties are included, increasing the complexity of the analysis considerably. Now including ablation, the problem becomes coupled. Not only are the chemical reactions between the different species in the pyrolysis gas mixtures important but also their reactions with the various species in the boundary layer flow must be considered.
II. Methodology

A. Governing Equations
The governing equations are the Navier Stokes equations:
Flux is split into viscous and inviscid parts. The inviscid part is discretized by high order upwind schemes while the viscous part by high order centered schemes. Here D s is the species diffusion coefficient calculated based on Schmidt number which is assumed to be constant equal to 0.5 for all species.
As mentioned in the equations above, the average velocity is then grouped with the inviscid terms and solved using Flux splitting, while the diffusion velocity is grouped with the viscous terms. The source terms due to chemical reactions and vibrational relaxation are put separately in 'w'. These equations are transformed into body fitted curvilinear coordinates:
The equation to be solved then is:
American Institute of Aeronautics and Astronautics A high-order explicit finite difference scheme [51] is used for spatial discretization of the governing equations, the inviscid flux terms are discretized by the upwind scheme, and the viscous flux terms are discretized by the central scheme. For the inviscid flux vectors, the flux Jacobeans contain both positive and negative eigenvalues, a simple local Lax-Friedrichs scheme is used to split vectors into negative and positive wave fields. For example, the flux term F′ can be split into two terms of pure positive and negative eigenvalues as follows:
where λ is chosen to be larger than the local maximum of eigenvalues of F′:
The parameter ε is a small positive constant added to adjust the smoothness of the splitting. The fluxes F′ + and F′ -contain only positive and negative eigenvalues respectively.
The first term on the right hand side of equation (1.10) is discretized by the upwind scheme and the second term by the downwind scheme. The fifth-order explicit scheme utilizes a 7-point stencil and has an adjustable parameter α as follows [51] :
The scheme is upwind where α < 0 and downwind when α > 0. It becomes a six-order central scheme when α = 0.
B. Shock Fitting
The solution procedure is based on shock fitting by Zhong [51] . The domain between the shock and blunt body is discretized and solved based on the Local Lax Friedrich flux splitting. The conditions behind the shock are calculated using the Rankine Hugoniot relations:
The shock may be moving and its velocity (and hence the grid velocity) is calculated by differentiating the above expression in time and using the following compatibility relationships:
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Here left eigenvector is defined as:
In equation (1.15) the first NS columns (NS is the number of species) represent entries due to the reacting species. The last column represents entry due to Vibration conservation equation. Note that in absence of chemical nonequilibrium the first NS columns would reduce to one column with , heat of formation set to zero. In absence of thermal nonequilibrium the last column would vanish. The equations are discretized (inviscid terms by 5 h th order finite difference scheme and viscous terms by 6 th order central difference schemes) and solved in time using Runge Kutta or Backward Euler methods.
C. Shock Capturing
11 species model and surface reactions were implemented in shock capturing coded developed by Yee and Sjogreen [40, 41, 45, 46, 47, 48, 49, 50] . We implemented nonequilibrium model in the Harten-Yee upwind TVD scheme. The scheme can be represented by the general formula:
The function φ of Harten's original modified scheme was modified by Yee using minmod and other limiters. The present calculations use explicit scheme with the minmod limiter.
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D. Chemical Reaction
Surface reactions introduce additional C species into the flow field. Hence we have considered 11 species model [18] with the following reactions: 
Apart from these are 6 surface reactions [18] , the first three (equations 1.18) are sublimation reactions, last three (equations 1.19) are oxidation reactions: The values of reaction constants are given reference [34, 20, 24, 18] . Note that the forward reaction rates for equations involving dissociation of species would be at a temperature that is the geometric mean of vibrational and translational temperature. All other forward rates are evaluated at translational temperature. The backward reaction rates would depend on the translational-rotational temperature for all the reactions. The forward reaction rates are calculated using the following equation: 
The source terms involving chemical reactions may become stiff, i.e. the rates for some reactions maybe orders of magnitude higher than the others. To overcome this we use implicit scheme for reacting source. For case of a well stirred reactor, the trapezoidal method of integration can be written as:
is the Jacobean of the source term . The oxidation reaction rates are calculated using the following relation: Here r α is experimentally determined for each species.
E. Vibrational Energy
The equation for vibration energy is solved in similar way to energy equation. The vibration energy is defined as [20, 37, 3] :
However there is only one overall vibration energy equation. It is solved and the vibration temperature is calculated using Newton's method. Also note that unlike the energy term there is a source term which consists of vibration energy from translational energy and due to formation of diatomic species.
Also note that the total energy term includes vibration energy and chemical energy terms. The total energy can be written as: The exchange between vibration and translation energy can be calculated using [26, 35, 
III. Results
The code is in development phase. Here we present the validation cases run for the current code. We developed a five species code first with thermal and chemical non equilibrium with shock capturing and shock fitting [51] methodologies. We validated the reaction model with simulating Hornung's experiments on nitrogen flow over cylinders, and Gnoffo's [13] simulation of Hornung's experiments. Then we present PANT cases run on a 2D geometry (cylinder). Here the shock standoff distance is not supposed to match the actual experimental value but we get the same profile for temperature and species mass fractions along the stagnation line. We are developing the 3D version of the code.
A. Nitrogen Flow over Cylinders [16]:
Hornung, 1 inch diameter cylinder
This is one of the experimental cases of Hornung (1972) [16] where partially ionized nitrogen flows over cylinders of various radiuses were studied for various free stream dissociations of Nitrogen. The free stream temperature for this case was 1833K, free stream density was 4.98 x 10 -3 kg m -3 and free stream mass fractions of nitrogen molecule and atom were 0.927 and 0.073 respectively. For simulations we used isothermal wall at 1000K and non catalytic boundary conditions. We simulated the flow over 1 inch diameter cylinder and compare the shock standoff distance as given in the experimental photographs in Fig 1. The agreement between computational and experimental data is excellent. The shock standoff distance at stagnation region is matched exactly while there is little discrepancy near the edge of the computational domain. The figure also shows temperature contours. The temperature rises sharply behind the shock to about 12000K and then due to chemical and thermal relaxation, drops to about 8000 K for most of the flow field. The wall temperature is set to 1000K. In Fig 2 and 3 computed fringe patterns are compared to experimental fringe pattern. In figure 2 we plot computational fringe contours with experimental contours. We get the same qualitative pattern as the experiment. Note the dark and light patterns match roughly through most of the region except at the very edge where they are slightly off. In figure 3 we compare the fringe number along stagnation line with the experimental values. The agreement is very good. Near the shock the fringe number falls off a little rapidly than experiment which can be attributed to the dissipation in the numerical scheme. Near the surface the fringe number rises sharply due to the sharp rise in density which is due to the isothermal wall condition of 1000K. Figure  4 shows the variation of translation and vibration temperatures along the stagnation line. For this case the vibration energy attains equilibrium with translation-rotation energy very quickly and for most of the flow field in the stagnation region the two temperatures are equal. At the wall the vibration temperature is set equal to translation temperature value of 1000K. However away from the stagnation region the temperature are different as shown in figure 5 . The maximum translation temperature reached in about 13000K while the maximum vibration temperature reached is about 11000K. Figure 6 shows the variation of mass fractions of nitrogen along the stagnation line. This case appropriately illustrates the difference between equilibrium and nonequilibrium simulations. Note that immediately behind the shock temperature is about 13000K but nitrogen is hardly dissociated. If equilibrium were assumed the nitrogen would be much more dissociated and the predicted temperatures would have been lower. 
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Hornung, 2 inch diameter cylinder
This is another one of the experimental cases of Hornung (1972) [16] . The free stream temperature for this case was also 1833K, free stream density was 4.98 x 10 -3 kg m -3 and free stream mass fractions of nitrogen molecule and atom were 0.927 and 0.073 respectively. The diameter for this case however is 2 inches. This case was also computed by Gnoffo [13] . For simulations we used isothermal wall at 1000K and non catalytic boundary conditions. Figure 7 shows the comparison of shock standoff distance with Gnoffo's computations and Hornung's experimental value. We get excellent agreement. The shock shape also agrees well with the data. Figure 4 also shows temperature contours. Immediately behind the shock the temperature rises to about 11000K and then due to chemical and thermal relaxation reduces to about 7000K for most of the flow field. The wall temperature was set at a constant value of 1000K. Figure 8 shows vibration temperature contours. Figure 9 shows variation of temperature along stagnation line. Like in the previous case, vibration and translation-rotation mode of energies come in equilibrium quickly in the stagnation region so that for most of the flow field vibration and translation temperatures are equal. However near the edge of the computational domain the two temperatures remain different as is shown in figure 10 . For this case the highest temperature is about 11000 K just behind the shock, however through most of the flow field temperature is about 8000 K. Figure 11 shows the computed fringe patter compared with experimental fringe pattern of Hornung. The pattern is qualitatively similar though there are slight discrepancies. Figure 12 shows the variation of mass fractions of nitrogen along stagnation line. Here again the nonequilibrium of chemical species is evident. At temperatures of about 10000K there should be sufficiently large dissociation of nitrogen if equilibrium composition is assumed, however that is not the case here. Figure 13 compares normalized shock standoff distance for Hornung's 1inch and 2inch cases. For the 1 inch case the standoff distance is slightly larger than that predicted for the 2inch case. Since the distance is normalized by respective nose radii, actual distance for the two inch case would be larger than (about 2 times) that for 1 inch case. Also shown in the figure are velocity contours. In the stagnation region the velocity drops to very low values which increase as we go away towards the edge of the domain. Figure 14 compares the variation of fringe number along the stagnation line. The present calculations in red line match the experimental values of Hornung (black squares) except near the shock. This discrepancy can be attributed to the dissipation of the numerical scheme which smoothes the shock. . Since we do not have the thermal response code yet, we fixed the wall temperature to a constant value of 2000 K and tested our surface reaction model. The test was done on a 2D shock capturing code. We present the results here for the code. We are in the process of implementing the surface reactions in 3D shock fitting code.
In figure 15 we see that surface reactions add carbon species into the flow field. CO2, O2, CO and N2 are the prominent species near the boundary. However CO and CO2 quickly drop off to trace quantities and mixture consists predominantly of N2, O2, NO, O and N. In figure 16 the variation of species along surface is shown. In the stagnation region the mass fractions of CO and CO2 are comparatively higher. As we progress along the surface the concentration of the concentration of carbon species falls and Nitrogen and Oxygen are the main components. Note that the y axis is plotted in log scale. Figure 17 shows the variation of temperatures along the stagnation line. The temperature profiles are similar to Keenan's [18] calculations. The thermal relaxation is very fast and vibration temperatures come to equilibrium with translation-rotation temperature quickly. For most of the stagnation region both temperatures are same. The maximum translation-rotation temperature goes to about 11000K while maximum vibration temperature is about 8000K. The wall temperature was set to 2000K. Figures 18 and 19 show temperature and vibration temperature contours in the flow field. Both temperatures are at about 7000K for most of the flow field. Hence considering ionization may not be crucial for this test case. In figure 18 , translation temperature rises sharply to about 11000K behind the shock and fall off rapidly to about 7000K for most of the flow field. 
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IV. Conclusion
We aim to develop a high order 3D Navier Stokes Solver intrinsically coupled with a 3D thermal response code to study transition in ablative flow fields. As a next step we would develop our own version of thermal response code which can then be intrinsically coupled with the Navier Stokes solver. We aim to include surface recession and radiation model into the final version of the coupled code. Other models like turbulence could be added as needed. We aim to study the stability of the flow during reentry as it is effected by various processes like pyrolysis gas injection, mass spallation, if possible surface roughness to name among a few. Any simulation for actual size vehicle would require the code to run on multiple processors. Hence the code will have to be restructured to run parallel on multiple processors.
